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In this article, the optical properties of a Bragg waveguide with an intermediate layer between the pe-
riodic cladding and the hollow core were investigated. The losses of the ﬁbre modes were calculated
using the method of transfer matrices. The possibility to reduce the optical losses by increasing the
refractive index of the intermediate layer was shown. The thickness of the optimized intermediate layer
must be selected to be in compliance with the anti-resonant condition.
Copyright © 2015, Far Eastern Federal University, Kangnam University, Dalian University of Technology,
Kokushikan University. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the ﬁrst commercial ﬁbre waveguides, the refractive index of
the core was greater than the refractive index of the shell. In this
case, the light guidance is based on TIR (total internal reﬂection) of
light from the boundary between the core and cladding of the
waveguide. If the refractive index of the core is less than the
refractive index of the shell (for example, a hollow waveguide),
then the total internal reﬂection becomes impossible and the
propagation mechanism behind light guidance should be different.
There are two more mechanisms of light transmission used in
modern waveguides. One is called the mechanism of the photonic
band gap, and its impact on photons is similar to the impact of the
electronic band gap on the electrons in the crystal lattice. The
electrons in the one-dimensional periodic potential can only have
those energies that correspond to the allowed energy zones. The
analogue of the potential energy of electrons in the crystal lattice for
photons is the refractive index of the medium, and the analogue of
thewidth of the potential barrier and potential well is the thickness
of the two alternating environments of differing refractive indices.
Waveguides, for which the cladding is made from alternating
layers of high and low indices of refraction and which are sym-
metric with respect to the core, are called Bragg waveguides.
Because the waveguide has a different structure in the longitudinal
and transverse directions relative to the core, the transmission of
photons varies in different directions. Radiation with frequenciesiy).
Federal University, Kangnam
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ersity, Kangnam University, Dalian
C-ND license (http://creativecommthat correspond to the photonic band zones of transverse propa-
gation is able to localize and propagate even along a hollow core. If
the structure of the Bragg waveguide has a cylindrical symmetry,
then it is called a Bragg ﬁbre [1].2. General information
To improve the transmission, the Bragg waveguide cladding is
made from dozens of layers, which complicates its production. The
anti-resonant transmission mechanism does not require a large
number of shell layers. The parameters of the cladding layers that
surround the core can signiﬁcantly affect the waveguide trans-
mission. If a standing wave arises in the lateral direction of the
adjacent layer (resonance condition), then the energy is extracted
from the core and the transmission is reduced. In the absence of a
standingwave (outside the resonance and antiresonance near ﬁeld)
for constructive interference of the rays reﬂected inside the
waveguide (inner) and the outer surface of the adjacent cladding
layer, the optical losses ﬂowing through the core of radiation are
signiﬁcantly reduced [2].
In Ref. [3], a variant of the hollow antiresonant ﬁbre was pro-
posed to achieve these low losses. The numerical calculations
showed that in the near-infrared range, this ﬁbre would have a very
low attenuation.
Modern waveguides use one or a combination of some of the
above transmission mechanisms [4,5]. Micro-structured wave-
guides are often produced by heating and drawing rod packets and
therefore can have the properties of two-dimensional photonic
crystals. The propagation mechanism in such a waveguide is based
on the photonic band-gap (PBG) effect or a combination of PBG
with another mechanism.University of Technology, Kokushikan University. Production and hosting by Elsevier
ons.org/licenses/by-nc-nd/4.0/).
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Bragg waveguide (multiplying the thickness and refractive index of
layer) to values comparable with the wavelength, the antiresonant
mechanism is added to the PBG transmittance mechanism [6e8]. A
Bragg waveguide that also has anti-resonant properties is known as
ARROW e Anti-Resonant Reﬂection Optical Waveguide.
In contrast to ARROW, in which a change in the parameters of
the ﬁrst cladding layer (numbers are counted from the core) leads
to a similar change in the parameters of all of the odd layers, wewill
consider the Bragg waveguide, which can be modiﬁed only at the
ﬁrst layer of the shell, leaving the rest of the waveguide structure
unchanged. Because the rest of the shell remains periodic, such a
structure may be called a Bragg waveguide with an intermediate
layer between the core and periodic cladding.
In Ref. [9], the inﬂuence of the thickness of the intermediate
layer on the optical properties of the hollow ﬁbre with a periodic
cladding was investigated. The refractive index of the intermediate
layer did not change and was matched to the high-index periodic
cladding layer. The purpose of this work is to investigate the in-
ﬂuence of parameters such as refractive index and thickness of the
intermediate layer on the optical loss of the transmitted radiation
through a multilayer waveguide.
Fig. 1 shows a diagram of an ordinary Bragg waveguide (Fig. 1a)
and a waveguide with an intermediate layer between the core and
periodic cladding (Fig. 1b). Because of the antiresonant mechanism,
the additional layer will greatly inﬂuence the optical properties of
the ﬁbre, and the periodic cladding will retain the radiation of
certain frequencies in the intermediate layer and the core. In
contrast to ARROW waveguides, a change in the parameters of the
ﬁrst cladding layer abutting to the core will not rebuild theFig. 1. Scheme of the Bragg ﬁbre: a e standard, b e ﬁbre Bragg with an intermediate
layer.photonic band gap, which will be determined by the parameters of
the rest of the periodic cladding.
For the calculation of the optical characteristics of the investi-
gated ﬁbre, let us use the transfer matrix method and the disper-
sion equation obtained in Ref. [9]. As the initial Bragg ﬁbre (Fig. 1a),
we chose a ﬁbre with the following parameters: a hollow core with
a radius of 1.8278 mm, periodic cladding consisting of 16 layers with
a low index of nL ¼ 1.17 and a thickness of dL ¼ 0.346 mm and 16
layers with a high index of nH ¼ 1.49 and a thickness of
dH ¼ 0.2133 mm.
The optical properties of the ﬁbre with such parameters have
repeatedly been investigated [9e13] for the radiation with a
wavelength of l ¼ 1 mm. It was shown in Ref. [10] that the TM and
hybrid polarization modes of this ﬁbre are very lossy and could
therefore be ignored. In Ref. [11], the optical loss g was calculated
and compared among three analysis methods, namely, the transfer
matrix method, the asymptotic method and the Galerkinmethod. It
was shown that the transfer matrix method is able to calculate
exactly the leakage loss of Bragg ﬁbres due to a ﬁnite number of H/L
layers. In Ref. [12], the optimum thickness of the layers of the pe-
riodic structure was calculated at the above selected refractive
indices to reduce the optical losses. Optimized and non-optimized
distinction losses for the ТЕ01 mode were ~32%, and the thickness
of the cladding layers for the optimized geometry changed slightly.
This suggests that the parameters chosen for the investigation of
ﬁbres in Fig. 1a are close to perfect. If we now change the settings of
only the ﬁrst cladding layer, we obtain the ﬁbre shown on Fig. 1b. In
Ref. [13], it was shown that an increase in the refractive index of the
intermediate layer can reduce the optical loss of the TE01 mode by
several times.
Fig. 2 shows the surface of the optical losses of the channelled
radiation depending on the values of the thickness and refractive
index of the intermediate layer of the investigated waveguide. The
lighter tone corresponds to an increase in the value of the losses.
The calculations are performed for the thickness of the interme-
diate layer over the range of 0.2e0.7 microns and its refractive
index over the range of 1.4e2.4. On the surface of the plot of the
optical loss can clearly be seen some extensive lowlands separated
by high ridges. The wide lowland in Fig. 2 corresponds to single-
mode operation of the Bragg waveguide with an intermediateFig. 2. The calculated optical loss according to the thickness and refractive index of the
ﬁrst cladding layer abutting the core; wavelength l0 ¼ 1 micron.
Fig. 3. Map of lines of the minimum and maximum losses on the plane (nM, dM). Even
(odd) numbers correspond to the maxima (minima); the neighbouring dashed curves
eare the conditional line of the exact antiresonance for the odd curves and the con-
ditional line of the exact resonance for the even curves.
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operation (TE01 and TE02 modes).
The position of the lines of theminimumvalues of the calculated
optical losses for the valleys and themaximumvalues for the ridges
(crests of ridges) on the plane (dM, nM) are shown in Fig. 3 by the
solid lines.
The dashed lines represent the resonance and antiresonance
conditions in the intermediate layer, which were calculated using
the following formula from Ref. [8]:
2kexdM ¼ ps (1)
where s is an integer and kex is the transverse component of the
wave vector,
kex ¼ 2p
l
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2M  n2eff
q
(2)
Integer even numbers s in (1) correspond to the positions of the
exact resonance, and odd values of s correspond to the positions of
the exact antiresonances. The propagation constant kex was
calculated from the values of neff, which were calculated using the
transfer matrix method. The lines of extreme losses in Fig. 3 are
numbered from 1 to 6. The odd numbers correspond to the minima
of loss, and the even numbers correspond to the maxima of loss.
The dotted lines have the same number as those that are closest to
the right solid line, such that the number will match the value of s
in eq. (1). For example, the dashed curve in the lower left corner of
Fig. 3 has the number 1, and its number matches the value of s. Poor
conformity of the antiresonance line with s ¼ 1 and the line of
minimum losses with the number 1 is explained by the fact that the
optical thickness of the intermediate layer is not sufﬁcient for theanti-resonant mechanism begin to play a signiﬁcant role in the
transmission waveguide.
It can be seen from comparison of the odd-numbered curves
that the difference between solid and broken lines decreases with
increasing values of s. The same pattern is observed for the curves
with even numbers, i.e., with increasing number of s in equation
(3), the resonance lines better correspond to the curves of
maximum losses and the antiresonance line better correspond to
the curves of minimum losses. The discrepancy between the
resonant or antiresonant lines with maximum and minimum los-
ses, respectively, can be explained by the following reasons:
1) in addition to the intermediate layer, additional resonant
structures may exist in other cladding layers;
2) cylindrical functions are aperiodic for small arguments; and
3) the number of periodic layers is limited.
By comparing the curves of maximum andminimum losseswith
the lines of resonances and antiresonances, it can be concluded that
the optical characteristics of Bragg waveguides with an interme-
diate layer of sufﬁcient optical thickness (on the order of the
wavelength or more) depends on the presence of resonances and
antiresonances in this layer.3. Conclusion
A Bragg waveguide with an intermediate layer of sufﬁcient op-
tical thickness has a hybrid transmittance mechanism: an anti-
resonant mechanism and the mechanism of the photonic band
gap. The presence of a double transmittance mechanism allows us
to call such a waveguide a Bragg waveguide with an antiresonance
intermediate layer.References
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